Emission spectroscopy has been used for the first time in a spectroscopic study of a family of uranium (IV) halide complexes in non-aqueous media. The room temperature electronic absorption spectra of the .
Introduction
Photoluminescence spectroscopy of complexes of the lanthanide(III) metals has had a significant and important impact on materials and bioinorganic chemistry and the physical processes that give rise to these emissions are well known and understood.
1 Current understanding of the corresponding photoluminescence processes of actinide complexes does not approach this level of sophistication. 2 The most well defined is the green emission of the uranyl, [UO 2 ] 2+ , ion which occurs from deactivation of a formally triplet ligand to metal charge-transfer (LMCT) excited state. Whilst the majority of studies have focused on aqueous compounds, this technique has only recently been applied to non-aqueous uranyl compounds. 3 What is clear from these studies is that the position of the emission band and the radiative lifetimes can provide valuable insight into the electronic environment at the uranium centre and, more recently, the degree of aggregation in solution. 3 The later actinide ion Cm 3+ (and to a lesser extent Am 3+ ) is routinely characterised by timeresolved laser-induced emission spectroscopy in certain laboratories 2c as the sensitivity of this technique is useful in studying small quantities of these highly radioactive materials in low concentrations. 2a,4 There is no obvious physical reason why uranium(IV) compounds should not also show photoluminescence in fluid solution; in solid-state materials (e.g. in cubic U 4+ doped LiYF 4 and Cs 2 ZrBr 6 ) there are a number of studies that show emission from the highest energy 3 F 2 energy charge-transfer excited-state manifold (5f 1 6d 1 ) to the RussellSaunders coupled 3 H 4 5f 2 ground state and higher lying energy states derived from the 5f 2 electronic configuration. 5 Kirishima et al. reported the only comprehensive photoluminescence spectrum of U 4+ , as the hydrated ion and suggested that the ten emission bands originated from the highest energy 1 S 0 Russell-Saunders coupled state to the lower lying 5f dies indicate that when the highest energy term is corrected for a large Stoke's shift (i.e. solvation effects), the assignment of the emission bands changes considerably, 7 highlighting the fact that the intra 5f electronic transitions are very sensitive to the coordination environment, crystal field and symmetry. 6a The open shell nature of these compounds make the assignment of absorption and emission bands challenging, although analysis based upon the Russell-Saunders coupling scheme can be used as a good approximation. 4b In terms of synthetic inorganic and organometallic chemistry, there has been a substantial body of work published on U(IV) compounds, and fundamental studies have given greater insight into the reactivity and electronic structures of these compounds. In particular organometallic compounds have been used as a readily tuneable platform for comprehensive studies on the electronic structure of [Cp * 2 AnX 2 ] (An = Th, U). The effect of the s-and p-type X ligands on the electronic and magnetic properties has been thoroughly elucidated in a number of elegant studies. 8 A probable explanation for the lack of reports on the photoluminescence of U(IV) species is that in general the coordinated ligands possess low energy charge transfer absorptions that can mask f-f transitions. This is exemplified by the reports of the metallocene ketimide system [Cp * 2 U{NLC(Ph)(CH 2 Ph)} 2 ], where no 5f-centered emission was observed following photoexcitation since decay from the ligand centered singlet state proceeds directly through the 5f-electron manifold, resulting in efficient quenching of the emission and lifetimes of picosecond order. 8d With the correct choice of ligands, we postulate that photoluminescence spectroscopy should be a very useful technique in fingerprinting the +IV oxidation state of uranium, and for further elucidation of the electronic structure of uranium(IV) compounds that is complementary to conventional absorption spectroscopy. In addition, if U(IV) can be detected in the presence of the uranyl ion, the qualitative and quantitative discrimination of these two oxidation states would have a significant and substantial impact upon the environmental detection of these important ions for example, under nuclear waste repository or soil contamination conditions. There is currently no simple and scalable analytical technique that can do this. With this in mind, it is noteworthy that Maldivi et al. reported that absorption spectroscopy in trivalent uranium compounds can provide insight into the degree of 5f-orbital participation in bonding to ligands. 9 The participation of the 5f and 6d orbitals in forming covalent bonds is now of great experimental and theoretical interest. 10 Enhanced covalency is not just of academic interest as it is also postulated to allow for a methodology to separate the minor actinides Am 3+ and Cm 3+ from the lanthanides for applications towards current and future nuclear waste streams. 11 In particular it has been noted that ligands containing softer donor atoms have a higher affinity for trivalent actinides (U 3+ , Am 3+ , Cm
3+
) over trivalent lanthanides, 11a and this is thought to be due, in part, to a greater covalent character to the actinide-ligand bond. 12 However, recent computational studies cast some doubt on the origins of this perceived covalency and suggest that enhancements in separation factors for the isoelectronic pair Am(III)/Eu(III) in particular are due to the coincidental match of ligand and metal orbitals and not enhanced overlap of the f-orbitals. This has been termed ''near-degeneracy driven covalency''.
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A thorough understanding of the electronic structure of the actinides is still lacking in some areas. However it is of great importance since it underpins separation science studies and further experimental and theoretical studies are required to fully understand the subtleties of actinide chemistry. In this contribution we report for the first time the photoluminescent properties of some simple U(IV) coordination compounds that have previously been prepared, viz. A comprehensive computational study on the electronic absorption and emission spectra of these compounds has been carried out using CASSCF techniques. In addition a thorough analysis of the bonding in the U-Cl bond is explored via an NBO (Natural Bond Order) and AIM (atoms-in-molecules) approach.
Results and discussion

Synthesis and structure
In order to probe the use of photoluminescence spectroscopy of non-aqueous U(IV) species, simple model compounds are required that have no quenching processes arising from ligands containing aromatic groups or conjugated entities. It occurred to us that the well defined [ 3 ] (of C 4v and C 2v symmetry, respectively) would be more amenable for our initial studies. The compound UCl 4 was prepared as described in the literature and all characterisation data were in agreement with those previously reported. The reaction of UCl 4 with one equivalent of dry LiCl in THF, followed by filtration and recrystallisation yielded [Li(THF) 4 ][UCl 5 (THF)], 1 in excellent yield as a pale green air sensitive crystalline solid. The structure of this compound has previously been reported as a by-product formed during a salt metathesis reaction. )] and reported that it decomposes in donor solvents, but the nature of this decomposition was not described. 15 The 1 H NMR spectra of 1 and 2 in pyridine-d 6
show the presence of uncoordinated THF suggesting that this ligand is rather labile. Due to this, we have been unable to obtain reproducible elemental analyses as they are consistently low in carbon and hydrogen. There is a single resonance in the 7 Li NMR spectra of 1 and 2 in THF at d Li = 22.64 ppm and 20.97 ppm, respectively, which indicates that in solution they exist as separated ions, as any interaction with the paramagnetic uranium centre would be expected to induce large pseudocontact chemical shifts. The infrared and Raman spectra show bands that can be assigned to the coordinated THF molecule, whilst a U-Cl stretch can be seen at 305 cm 21 in the Raman spectrum. Confirmation of the U(IV) oxidation state comes from the variable temperature and variable field magnetic susceptibility of 1, with a region of temperature independent paramagnetism from 300 to 100 K (m eff = 2.04 m B at 300 K) followed by a precipitous drop in the magnetic moment (m eff = 0.40 m B at 10 K) 16 ( Fig. S1 and S2 recently been experimentally investigated using Cl K-edge X-ray absorption (XAS) spectroscopy and for uranium a contribution of 9% and 18% Cl 3p orbital are involved in the U-Cl bonds, respectively; i.e. a small degree of covalency.
Electronic spectroscopy
Absorption Spectroscopy. The UV absorption spectra in the range 260-380 nm of 1 and 2 in THF are shown in Fig. 1 . Looking firstly at the spectrum of 1, there are two broad, intense bands in the UV region at 277 nm and 303 nm and a shoulder at 331 nm, which are difficult to definitively assign as they could be due to either chloride to uranium charge transfer (CT), THF to uranium charge transfer or f A d transitions, all of which would be formally allowed and give rise to the large molar absorption coefficients (e) observed. In order to make definitive assignments we utilised multiple lines of characterisation. We have prepared the analogues 2 and 3 (Fig. S3, ESI3 ) and also exposed these samples to air to form the uranyl salts [UO 2 X 4 ] 22 , which also aids our spectroscopic assignments. Comparison of the UV spectra of 1 and 2 (Fig. 1) 21 This is Laporte allowed and therefore relatively large molar absorption coefficients would be expected. The band at 303 nm exhibits a red-shift on halide substitution (to 322 nm in 2), which indicates that this is likely to be a CT band containing a contribution from a halide to uranium charge transfer process. In order to ascertain the presence and direction of a charge transfer band (i.e. LMCT or MLCT) we have used cyclic voltammetry (CV). The electrochemistry of 1 has been previously reported, with a reduction potential of 22.75 V (vs. Ag/Ag + at 298 K) and no observable oxidation wave. 14 We observe identical electrochemical behaviour, and have re-examined the electrochemistry at variable temperatures as this enables the thermodynamic parameters to be extracted. Thus, a plot of the redox potential vs. temperature allows DS and DH to be determined. 22 1 shows a well-defined temperature dependence and the thermodynamic parameters are DH = 464 kJ mol 21 and DS = 666 J mol
ESI3). Entropy is measured directly in this
technique, whilst there are some errors associated with the enthalpy, it should be taken as a relative measure rather than an absolute one. Nevertheless, the large enthalpy is to be anticipated as the redox potential of 22.75 V suggests that 1 is difficult to reduce. We suggest that the use of temperature dependent CV may become a useful tool in studying the thermodynamics of actinide compounds. The electrochemistry of 2 shows analogous behaviour (Fig. S5 , ESI 3 ), with the reduction potential of 22.03 V for the reduction wave. This indicates that any charge transfer must be LMCT in character, and the decrease in the reduction potential for 2 is in accord with the bathochromic shift observed in the UV absorption spectrum. The variable temperature electrochemistry gives DH = 336 kJ mol 21 and DS = 471 J mol 21 K 21 , in keeping with the less negative redox potential observed in 1. Of note is that under no experimental conditions were we able to observe a U(IV)/U(V) oxidation in either 1 or 2; the lack of an oxidation potential has commonly been observed in previous systematic reports of CV investigations of U(IV) compounds with s-donating ligands 8h as the U(V) species formed is unstable suggesting that the change in symmetry does not have a noticeable effect and that a THF to uranium charge transfer band can be discounted. The bands observed in the visible and NIR region for 1 are the formally Laporte forbidden f A f transitions of the U 4+ 5f 2 ion (Fig. 2) . The molar absorptivity of these bands is typical for this type of actinide compound (e # 5-40 M 21 cm
21
) and higher than observed in lanthanide(III) complexes due to the greater radial extension of the 5f orbitals compared to the 4f orbitals. The spectrum of 1 can be deconvoluted and, using previously published energy level diagrams derived from experimental data 26 and computational studies (vide infra), the f-f transitions in 1 can be fully assigned. anion. Hydrogen bonding is generally sufficient to distort the geometry so that symmetry forbidden bands can be observed, albeit with molar absorption coefficients e = 2-5 M 21 cm 21 .
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We initially postulated that a lowering of the local symmetry from O h to C 4v in 1 would allow any symmetry-forbidden bands to be observed. Due to the air-sensitive nature of these solutions, it was difficult to accurately determine the concentration, and we anticipate that there may be a reasonable error associated with our determined e values. However, the observed colour of equimolar solutions of 1 and [UCl 6 ] 22 ( Fig. S7, ESI3 ) supports the rather surprising outcome that molar absorption coefficients of 1 are lower than [UCl 6 ] 22 .
Interestingly, there appears to be little difference in the energy of the bands for both 1 and [UCl 6 ] 22 , which suggests that the local symmetry is not as important as the coordination geometry and crystal field effects are not large. Whilst the uranyl was the major decomposition product in the isolation of 3, the f-f transitions occur in a region where this ion does not absorb. These transitions for 2 and 3 are rather similar, as seen in Fig. S3, ESI3 . This is as expected if the crystal field effects are small, resulting in negligible perturbation of the 5f manifold.
Photoluminescence Spectroscopy. The emission spectra of the U(IV) compounds are discussed in this section. It is important to note that this is only the second example of emission spectroscopy reported for U(IV) compounds 6 and the first in non-aqueous solutions. 29 Due to the air sensitive nature of these solutions, it was difficult to accurately determine the concentration, so that for all photoluminescence spectroscopic measurements the solution concentrations were determined by absorbance spectra which had typical absorbance of the most intense band at 0.5 absorbance units; whilst this is generally higher than ideally required for photoluminescence measurements, the weak U(IV) emission and the difficulties associated in the handling of these challenging samples, made this unavoidable. We take the possibility of self-absorption and aggregate emission into account in the discussion of our data. Excitation into any UV absorption band of solutions of 1 in THF (l exc = 260 to 390 nm) with continuous wave or pulsed UV-vis light sources produces identical emission spectra with three, featureless bands observable in the UV and visible region centred at 365 nm, 421 nm and 518 nm (Fig. 3a) . Moreover, reducing the emission monochromator slit widths (e.g. to ,0.5 nm) produces identical broad emission bands, with no additional structure, this suggests that excitation into the highest energy absorption band results in excitation into vibrationally coupled states of the 5f 1 6d 1 configuration, which then relax to a lower energy level arising from the same electronic configuration resulting in emission at ca. 365 nm. The two remaining lower energy transitions at 421 and 518 nm are likely to terminate on successively higher energy Russell-Saunders coupled states in the 5f 2 ground state configuration. This is in agreement with the U(IV) doped solid state system U : LiYF 4 , 5a although the photoluminescent spectra are considerably more resolved; an effect of increased vibrational coupling of the excited electronic states in fluid solution. The compounds 2 and 3 also exhibit broadly similar emission profiles, albeit with small blue shifts (ca. 20 nm for 2, Fig. 3b ). The emission spectra for [UCl 6 ] 22 ( Fig. S8, ESI3 ) and [UCl 4 (THF) 3 ] (Fig. 3c) are comparable, as expected from the similarities in the absorption spectra. Using the assignments from the absorption spectra and CASPT2 calculations (vide infra), the bands in the emission spectra can be assigned as transitions from the 5f 1 6d 1 state to the 3 3 ], 500 nm) 5f 2 states. However as the bands are quite broad the emissions are most probably due to an envelope of energy levels; this is borne out to a certain extent by analysis of the CASPT2 calculated transitions and comparison to the assignments in earlier reports on doped systems. We were unable to measure the quantum yield for all compounds in this study as the emissions are weak, but the intensity of these emissions are comparable to the Raman bands from the solvent; the data in Fig. 3 has these bands removed, (Fig. S9 , ESI3 displays the raw data). All excitation spectra recorded at the respective emission maxima (ca. 365, 420 and 510 nm) are wavelength independent and strongly suggest that the emission bands originate from a common excited state (Fig. S10 and S11 lifetimes are long and easily measured using commercial instrumentation. Unfortunately, we have been unable to directly excite into the visible and near infra-red f-f U(IV) transitions (e.g. at ca. 420, 640, 880 and 980 nm) and observe emission in all complexes studied, even in more concentrated solutions (millimolar rather than micromolar) using our current equipment. This is not unexpected due to the low molar absorption coefficients observed for these transitions (Fig. 2) . Low temperature (77 K) emission experiments were also conducted to enable better spectral resolution such that transitions to individual energy levels may be assigned. The 77 K emission spectra of all compounds in this study were consistently observed to be a mixture of U(IV) and a uranyl moiety, assigned on the basis of the diagnostic vibronically coupled uranyl peak centred at 524 nm (Fig. 4) . In order to ensure that the U(IV) spectrum we observe does not come from a [U pyridine was exposed to air and the room temperature emission spectrum observed over time (Fig. 5 ). This clearly shows the decrease in intensity of the U(IV) species and an the structure is unremarkable, with metric parameters typical for this ion. 30 This structure determination proved our hypothesis that the spectrum is due to the uranyl(VI) ion as the low temperature emission spectrum of these crystals dissolved in THF show features that are identical to that shown in Fig. 5 .
CASPT2 study of 5f 1 6d 1 -5f 2 transitions.
State averaged CASSCF (complete-active-space self-consistentfield) 31 calculations were performed using version 7.6 of the MOLCAS code. 32 Dynamic correlation was included via multiconfigurational 2nd order perturbation theory (CASPT2). 33 Whilst DFT calculations show a small degree of covalency in the U-Cl bond (vide infra), the bonding is essentially ionic and therefore the Cl orbitals are not included in these calculations. 34 All possible 5f 2 and 5f 1 6d 1 configurations were considered, resulting in 119 states in the absence of spin orbit coupling, which was included using the RASSI formalism. 35 This resulted in a total of 231 spin-orbit coupled states.
Although the reduced symmetry of the complexes considered in this study means that atomic term symbols cannot be rigorously defined, the weak ligand field experienced by the uranium ion means that those dominated by 5f 2 configurations can be approximated, and these approximate term symbols are quoted here. revealed when the contribution of the 5f 2 spin-orbit free terms to the latter states is considered; this contribution is 24%. The lowest lying 5f 1 6d 1 state is calculated to lie at 38 600 cm 21 (259 nm; cf. 277 nm in the experimental spectrum) and so clearly, the 5f 1 6d 1 manifold begins at a lower energy than the 1 S 0 state (Fig. 6 ). Of the other 5f 2 states, the highest in energy is calculated to lie at 28 500 cm 21 (351 nm) and analysis of the calculated emission spectrum strongly supports the view that the observed emissions are due to 5f 1 6d 1 A 5f 2 transitions.
Furthermore, the excitation wavelength (l ex = 260 to 390 nm) implies that the observed transitions originate from the lower part of the 5f 1 6d 1 manifold, most probably the 3 F 2 state.
Bearing this in mind, a subgroup of all calculated transitions was used in order to interpret the observed emission spectra. This subgroup consisted only of transitions originating from states in the 5f 1 6d 1 manifold lying ¡44 400 cm 21 (¢225 nm) above the ground state (i.e. just above the calculated position of the 5f 2 1 S 0 state) and having an oscillator strength f ¢ 10
25
. This reduced the number of considered transitions from 24 627 to 915. The analysis reveals that the effect of the ligand environment is to significantly broaden all transitions, and so the positions quoted here are obtained as the peak value of all transitions to a given 5f 2 state combined. On the basis of the experimental and computational results presented herein, we propose that excitation into a band of charge transfer and 6d orbital character leads to electron transfer into the f-orbital manifold. Final evidence that the emission arises from the f-orbitals comes from the observation that no photoluminescence spectra are obtained when [ThCl 4 (DME) 2 ] 36 is examined. 37 The f-orbitals on the closed shell Th(IV) ion are known to be much higher in energy and generally not involved in bonding. Notably, the absorption, excitation and emission spectra for all the chloride complexes studied are similar, which supports the argument that in fluid solution at least, the geometry and local symmetry at the U(IV) ion have a minor effect on the optical properties of the complex. However, the CASPT2 data indicate that the energies and the relative ordering of the Russell-Saunders coupled levels derived from the 5f 2 configuration show a degree of sensitivity to site symmetry and crystal field effects as might be anticipated for this 5f ion. The observation that emission spectra of U(IV) can be measured in the presence of [U
VI
O 2 ] 2+ may be of substantial benefit in environmental applications. Importantly, the relatively large quantum yield of uranyl(VI) emission in a frozen glass means that trace quantities can be detected alongside U(IV); the U(IV) emission can be removed by applying a time gate and time delay (e.g. 0.05 ms).
Computational study of the bonding in 1.
In order to gain further insight into the electronic structure of these compounds, especially degree of covalency in the U-Cl bonds, we turn to density functional theory (DFT), which is increasingly being utilised in this field. 38 Geometry optimisation of triplet [UCl 5 (THF)] 2 at a number of levels of theory results in a distorted octahedral geometry with C 2 symmetry. A comparison between the calculated and experimentally determined bond lengths and angles are reported in and B3LYP (294.5 cm 21 ) (Fig. S14-S16 , ESI 3 ) confirms the suitability of these methods to describe the bonding in 1.
With this in mind, comparison of a-and b-spin NBOs demonstrates that the two unpaired electrons in the triplet state reside in orthogonal f-orbitals on U, thus giving rise to a highly localised distribution of spin density (Fig. 7a) . NBO analysis leads to an electron configuration on U of [core]7s 0.27 5f 3.04 6d
1.68 7p 0.50 , and an overall atomic charge on U of 20.033. Charges on Cl vary slightly between 20.244 and 20.230, and the overall charge on THF is +0.202. Thus, NBO analysis indicates significant charge transfer from THF to U, and much smaller atomic charges than the formal U(IV) assignment would suggest. One or more natural bonding orbitals are found between U and each Cl, and within the THF unit, but no such overlap is located between U and O. A single NBO is located between U and the axial chloride, weighted heavily (83%) in favour of Cl and involving both s-and p-orbitals on Cl interacting with s-, p-, d-and f-orbitals on U (Table 2 and Fig. 7b) . Orbitals with similar make-up are found between U and all four equatorial chlorides (Fig. 7c ), but here a second set of orbitals with p-symmetry that consist of Cl p-orbitals donating into U d-and f-orbitals (Fig. 7d) are also found.
NBO analysis proceeds by first defining a Lewis structure that best describes the molecule, and then reporting deviations from this in terms of donor-acceptor interactions between formally occupied and vacant NBOs. This 2nd-order perturbation theory analysis indicates significant overlap between U and O, despite the lack of a formal orbital for this interaction. This consists of donation from a p-type lone pair on O into a mixture of d-and f-orbitals on U, whose bond energy is estimated at 49.6 kcal mol 21 . This perturbation analysis also identifies numerous but weak donor-acceptor interactions from chloride lone pairs into formally empty dand f-orbitals on U. These are present for all five chlorides, but their sum is noticeably larger for U-Cl ax (55 kcal mol 21 ) than the four equatorial chlorides (39-43 kcal mol 21 ).
The HOMO consists of an f-orbital localised on the uranium centre with an antibonding contribution to the axial chloride, whilst the LUMO is a different f-orbital with an antibonding contribution to the equatorial chlorides (Fig. 8) . The HOMO-LUMO gap of the a-spin is calculated to be 3.83 eV (30 891cm 21 ); the corresponding gap for the b-spin is 3.41 eV (39 572cm 21 ).
Atoms in molecules description
Atoms in molecules (AIM) analysis concentrates on the topology of the electron density, and gives complementary information to that from NBO. It has begun to be utilised for actinide compounds. 39 AIM analysis looks for bond critical points (BCP) between two atoms, and the chemical bonding can be characterised by the properties of these BCPs. Table 3 reports properties evaluated at bond critical points for U-X bonds in a series of compounds, and for comparison ThCl 4 and LaCl 3 . For 1, r and + 2 r suggest that these bonds are predominantly ionic. Variations in r within symmetry-unique U-Cl bonds are small, but more significant changes are apparent in+ 2 r and e between axial and equatorial bonds. This reflects the significant p-character of the latter, which reduces the overall curvature but increases the asymmetry of the density at the BCP, but by symmetry, cannot directly affect r. However, energy density and bond order do not show the expected increase in strength of the equatorial bonds relative to the axial one, perhaps reflecting the importance of the greater second-order interactions in the latter. r in the U-O bond is significantly less than in all U-Cl bonds. Further evidence for the relative weakness of this bond comes from the zero value of H, indicating a balance of kinetic and potential energies, and the low value of the integrated bond order; this supports the experimental observation of the lability of the coordinated THF. AIM also defines atomic charge by numerical integration of the electron density within each atomic basin: values calculated in this way are significantly different to those from NBO and suggest much greater ionicity. U is found to have an overall charge of +2.26, and chlorides vary 20.66 to 20.67. THF is very close to neutral (overall charge of +0.04).
Conclusions
In conclusion, we have shown that simple U(IV) coordination compounds are emissive at room temperature and these transitions can be assigned on the basis of experimental and computational assignments of the absorption spectrum.
Notably for the first time the f-f transitions in the electronic absorption and emission spectra can be unambiguously assigned via a CASSCF study. The emission spectra can be explained by excitation into a band of charge transfer and d-orbital character followed by rather inefficient electron transfer to the 5f-orbitals. The lifetimes for these compounds are all in the range of 2-10 ns and multiexponential, hinting at complex deactivation and/or quenching processes. Interestingly the emission for U(IV) can be observed in the presence of U(VI), which may be of significant interest in environmental applications. (1) has shown that although mainly ionic, there is a contribution to the U-Cl bond from the 5f and 6d orbitals of up to 17%. A p-interaction of mainly U 5f and 6d character and Cl p orbital has been observed. An AIM analysis of the bonding confirms the presence of this interaction.
Experimental details
General methods
Caution! Natural uranium was used during the course of these experiments. As well as the radiological hazards, uranium is a toxic metal and care should be taken with all manipulations. Experiments using uranium materials were carried out using preset radiological safety precautions in accordance with the local rules of The University of Manchester or Trinity College Dublin. All manipulations were carried out using standard Schlenk and glove box techniques under an atmosphere of high purity argon.
1 H and 7 Li NMR spectra were recorded on a Bruker AV400 spectrometer operating at 400.23 MHz and 155.54 MHz, respectively, and were referenced to the residual 1 H resonances of the solvent used or external LiCl. IR spectra were recorded on a Perkin Elmer Spectrum One spectrometer with attenuated total reflectance (ATR) accessory. Raman spectra were obtained using 785 nm excitation on a Renishaw 1000 micro-Raman system in sealed capillaries. Thermal scans of magnetization in a 100 mT field from 4-300 K were carried out using a 5T Quantum Design MPMS XL SQUID magnetometer. Powdered samples were mounted in gel caps, which have a temperature-independent diamagnetic susceptibility, in a glove box and the gel caps were placed in sample straws for the measurement. Diamagnetic corrections were made using Pascal's constants. 40 Multiple measurements were taken to ensure reproducibility. Electrochemical measurements were undertaken with an AUTOLAB PGSTAT12 potentiostat/galvanostat using a platinum disc electrode with a 51 Natural bond orbital (NBO) analysis 52 was performed using Gaussian09; Atoms-in-Molecules (AIM) analysis used AIMAll. 53 Topological analysis of the electronic density (r) is based upon those points where the gradient of the density, +r, vanishes. 54 In this work we consider points where one curvature (in the inter-nuclear direction) is positive and two (perpendicular to the bond direction) are negative, termed (3, 21) or bond critical points. Properties evaluated at such points characterise the bonding interactions present. The second derivative of r or Laplacian, + 2 r, and the bond ellipticity, the ratio of the two negative curvatures, are reported, as is the local energy density, H, defined as the sum of the kinetic and potential energy densities. An electron density (r) of 0.2 a.u. or greater typically signifies a covalent bond and less than 0.1 a.u. indicates closed shell (ionic, Van der Waals etc.). The Laplacian of this function (+ 2 r) is typically significantly negative for covalent bonding and positive for closed shell interactions. The ellipticity, e, measures the shape of the electron density distribution in a plane through the BCP and thus determines the degree of cylindrical symmetry in a bond. H is the total energy density (kinetic + potential energy) and is typically negative for covalent bonds. This reveals whether accumulation of electronic density is stabilising (E , 0) or destabilising (E . 0). Integrated properties of atoms were checked for numerical accuracy via the basin integral of the Laplacian, which should vanish for properly defined atomic basins (all values 10 24 or less), and also by comparison of the sum of all atomic integrals with directly calculated molecular values. Integration of the overlap matrix over atomic basins can be used to derive covalent bond order, as set out by Angyan et al. 55 State averaged CASSCF (complete-active-space selfconsistent-field) 56 calculations were performed using version 7.6 of the MOLCAS code. 57 Calculations were performed using the all-electron ANO-RCC basis set, 58 of polarised triple-zeta quality, and scalar relativistic effects were included via the Douglas-Kroll-Hess Hamiltonian. 59 In these calculations, the two open shell uranium electrons were explicitly correlated in an active space of thirteen orbitals, comprising the 5f, 6d and 7s uranium orbitals. Dynamic correlation was included via multiconfigurational 2nd order perturbation theory (CASPT2). 33 A Polarisable Continuum Model was utilised for U(IV).
